Abstract. Aluminum alloy is one of the candidates for the liners of compressed hydrogen tank mounted to fuel cell vehicles. It is crucial to elucidate the behavior of hydrogen in the alloy sheet with one side being exposed to hydrogen gas. In the present work, using the hydrogen microprint technique, in 6061 and 7075 aluminum alloy sheets, relationship between hydrogen pressure and the molar quantity of hydrogen emitted from the inside has been investigated. Under any pressure, the quantity of emitted hydrogen is about 10 times smaller in the 7075 alloy than in the 6061 alloy. This indicates that the amount of hydrogen atoms accumulating in the 7075 alloy may be much larger than that in the 6061 alloy.
The unreacted silver halide particles dissolve to the fixing solution, while the silver particles remain on the surface of the specimen at the site where the reduction reaction has occurred. This indicates that the location of the metallic silver particles, which can be observed by a scanning electron microscope (SEM), equals to that of the emitted hydrogen atoms. Therefore, HMP reveals the emitted site in relation to the microstructure. Furthermore, it is also possible to quantify the emitted hydrogen by evaluating the amount of the observed silver particles.
Specimens
The alloys used in this investigation were commercial 6061 and 7075 aluminum alloys supplied by Furukawa-Sky Aluminum Corp., Japan. The 6061 alloy is one of the candidates for the liner of high-compressed hydrogen gas tank for FCV, not being susceptible to HE [4] . In contrast, it has been reported that the 7075 alloy has high susceptibility to HE [4, 5] . The chemical composition of each alloy is given in Table 1 . Sheet specimens of 1 mm in thickness were prepared from the homogenized ingots by hot rolling and subsequent cold rolling. In the 6061 alloy, the sheet was solution-treated at 540 for 1h, followed by a forced air cooling , natural aging for 37h and artificial aging at 175 for 8h (T6 temper). The 7075 alloy sheet was solution-treated at 460 for 65min, water-quenched, aged at room temperature for 47h, and finally aged at 120 for 24h (T6 temper). The specimens were machined from the sheets to circular discs of 23 mm in diameter, mechanically polished with dry emery papers up to #2000, and then electrolytically polished to a mirror-like finish. The SEM images of the surfaces of the obtained specimens are shown in Fig. 1 . The Al-Fe-Si compound, spheroidal and rod-shaped Mg 2 Si in the 6061 alloy and the Cu 2 FeAl 7 in the 7075 alloy can be mainly observed. There must also be the precipitates such as β' and/or β in the 6061 alloy and η' and/or η in the 7075 alloy, though they cannot be observed by SEM [6, 7] . 
Experimental procedure
The specimen was covered with a photographic emulsion, Konica NR-H2, diluted with distilled water by four times, on one of the surfaces by the wire-loop method [8] in a darkroom, and then clamped in the experimental device shown in Fig.2 . The surface without the emulsion was exposed to the hydrogen gas of constant pressure up to 10MPa at room temperature after evacuating the chamber of this side.
During the exposure for 30min, the reduction reaction between the hydrogen and the silver halide can occur if the hydrogen atom is emitted from the inside of the material. As soon as the exposure finished, the emulsion with the specimen was fixed using formalin and 15% sodium-thiosulfate solution, rinsed and finally dried naturally in air. Then the surface was observed by a Hitachi S-2150 SEM equipped with a Horiba EMAX 1770 energy dispersive X-ray spectroscopy (EDXS) device that can confirm the composition of the observed particle qualitatively. In order to qualify the emitted hydrogen atoms, the entire area of the silver particles observed by SEM was measured within one square millimeter in the central part of the surface.
Fig.2
Experimental device to expose the specimens to the hydrogen gas. Figure 3 shows HMP images taken by the SEM of the surfaces of the specimens exposed to hydrogen gas for 30min. Aggregates of microscopic white particles can be observed around the second phase particles such as the Al-Fe-Si, rod-shaped and spheroidal Mg 2 Si, and Cu 2 FeAl 7 . These aggregates were identified as the groups of silver particles from the results of EDX analysis, as shown in Fig.4 .
Results and discussion
This indicates that the hydrogen was emitted from not the matrix but the periphery of the second phase particles in both the alloys. It seems that this result leads to the following two assumptions: (i) the native oxide film of the matrix can be the barrier of the hydrogen permeation, (ii) the hydrogen is emitted by diffusing at the interface between the matrix and second phase particles. Figure 5 provides a plot of the hydrogen gas pressure, P against the molar quantity of the emitted hydrogen per square millimeter, n. Under any pressure, the quantity is about 10 times smaller in the 7075 alloy than in the 6061 alloy. Saitoh et al. [9] and Iijima et al. [10] have investigated the site where hydrogen is trapped in Al-1wt%Mg 2 Si and Al-6wt%Zn-2wt%Mg, by tritium microautoradiography.
They conclude that one of the sites where the hydrogen is trapped is the interface between the matrix and precipitates having semicoherent and incoherent interface (the matrix / β ' and β in Al-Mg alloy and the matrix / η' and η in Al -Zn-Mg alloy). It is well known that the distribution density of the precipitates in R.P.
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Photographic emulsion the 7075-T6 alloy is higher than that in the 6061-T6 alloy. Therefore, the amount of hydrogen a1toms accumulating in the 7075 alloy may be much larger than that in the 6061 alloy, which will explain the large difference in the amount of emitted hydrogen atoms in the two alloys. Figure 5 also shows that the quantity of the emitted hydrogen gradually increases with hydrogen pressure up to 6MPa, above which it decreases abruptly in both alloys. According to Sieverts' law [11] , a simple relationship between the hydrogen pressure, P, and the hydrogen solubility, S, can be expressed by the following equation.
where K S is Sieverts' constant. Thus, the results up to 6MPa can be adequately explained by the increase in the quantity of the hydrogen invading into the material from the gas atmosphere. In contrast, the quantity of the emitted hydrogen above 6MPa decreases as the pressure increases regardless of increasing the quantity of the invading hydrogen. It will be affected by the plastic deformation produced by exposing high pressure to one side of the specimen, as shown in Fig. 6 . It has frequently been reported that the dislocation can act as a hydrogen trap [for example , 12] . Therefore, it is considered that the invading hydrogen was trapped by the dislocations introduced by the plastic deformation, above 6MPa. EDXS spectrum taken from the white aggregates labeled "A" in Fig.3(a) .
Fig.5
Relationship between the molar quantity of emitted hydrogen atoms, n, and the hydrogen gas pressure, P.
Fig.6
Relationship between the hydrogen gas pressure, P, and the bulge height, h.
Summary
To analyze the hydrogen behavior in commercial aluminum alloys, the relationship between the hydrogen pressure and the quantity of the emitted hydrogen was investigated in 6061 and 7075 h mm aluminum alloy sheets with T6 temper, using the hydrogen microprint technique. The obtained conclusions are as follows:
(1) The hydrogen atoms invade into the material and permeate, by exposing one surface of the sheet to the hydrogen gas.
(2) The site of the emitted hydrogen is the periphery of the second phase particles.
(3) Increasing the quantity of the emitted hydrogen with the increase of the gas pressure up to 6MPa
was caused by the increment of the quantity of the invading hydrogen. In contrast, above 6MPa, the quantity of the emitted hydrogen decreases because the invading hydrogen was trapped by the dislocations introduced by the plastic deformation.
(4) Difference of the quantity of the emitted hydrogen in the two alloys can be attributed to the quantity of the trapped hydrogen.
